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6Abstract
The fluorescence decay rate of uranyl ions doped in soda-lime
glass, lithium phosphate glass, frozen water solution and frozen
heavy water solution has been measured. The temperature
dependence of the fluorescence decay rate of uranyl-doped soda-lime
glass suggests that multiphonon transitions are important at
temperatures higher than'room temperature. The dependence is
explained by a 3-level system in which the upper two levels are in
thermal equilibrium and a semi-empirical expression for multiphonon
transition rate. Transfer of energy of the excited uranyl ions to
traps which are due to uranium ions of different oxidation states
arising from the thermal decomposition of uranyl ion is observed
too. Uranyl ions in lithium phosphate glass also behave similarly
compared to those in soda-lime glass.. However, phosphate glass
matrix offers many different sites for the ions, thus the decay
rate of each ion is different. The resultant fluorescence decay
is not simple exponential with respect to time. The existence of
a critical temperature for the thermal decomposition rate of uranyl
ions is reflected in the sudden increase of energy transfer from
uranyl ions to traps in samples as the dehydration temperature is
increase from 900°C to 1300°C. The energy structure of uranyl
ions in crystalline NaUO2(CH3COO)3 and that of frozen solutions of
the same salt in H2O and D20 agreed within 7 cm-1. As tertiary
ligands, H2O and D20 facilitate.non-radiative decay, and H2O is
more efficient than D20. Self-reabsorption of fluorescence
radiation resulting in a reduced decay rate was also observed.
7Due to the relatively long path length of 4 mm, self-reabsorption
•approches saturation even for the concentration of 0.05 % uranyl ion.
8Format of the Thesis
In this thesis, historical presentation is used. A general
introduction for the project is given in chapter 1 followed by the
experimental arrangements in chapter 2. In chronological order,
experiments using soda-lime glass, lithium phosphate glass and
frozen H2O and D20 matrices are described in chapters 3, 4 and 5
respectively. An introduction and a discussion for each matrix
are included in each of the chapters 3 to 5 to make the chapters
a more complete unit of its own. A summarizing conclusion is




The regular greenish-yellow fluorescence spectrum of the
divalent uranyl ion UO2+ has attracted the attention of scientists
for over a century. After the war-time Manhattan Project, the
uranyl ion has become a focus of academic interest. Hundreds of
papers discussed the spectroscopic properties of the ion. Many
attempts have been made to relate the spectra to the possible
electronic structure of the ion. Some well known properties of
the ion are summarized below.
The uranyl ion is a rigidly bonded ion and assumes a linear
structure in the ground state (1)Bending may occur when the ion
is excited. So far there is not enough evidence to prove or
disprove that the ion is linear in the excited electronic states.
The uranyl ion has three modes of vibration, namely the
symmetric mode with frequency A, the antisymmetric mode with
frequency B and the bending mode with frequency C. The bending




B = A 1 + 2
M
dC = B 21
f
2where d. = bending force constant of the U-0 bond
f = stretching force constant of the U-0 bond
m = mass of the oxygen atom
M = mass of the uranium atom
The vibrational frequency of the A, B or C mode varies from
compound to compound and differs in the ground and excited states
of the uranyl ion, being larger in the former case. This is to be
expected as electronic excitation decreases the strength of the U-0
bond. In the ground state, the A, B and C frequencies'are
approximately. 850 cm- , 950 cm- and 200 cm- respectively (2)
In most cases, fluorescence originates from the resonance
(2,3)R-level When excited to other electronic levels higher
than the R-level, the ion relaxes by non-radiative processes to the
R-level from which fluorescence begins. The population of levels
higher than the R-level is enhanced at high temperatures only, but
the fluorescence lines from these levels are usually masked by the
broadening of the spectrum and reduction of quantum efficiency.
At low temperatures, the population of levels higher than the
R-level follows the Boltzmann distribution and is small.
Consequently, the fluorescence of levels other than the R-level has
not been observed. When the temperature is lowered, there is an
increase in the intensity and sharpness of the fluorescence lines
with the R-level as the only fluorescent level. Small shift in
frequency of the fluorescence lines as the temperature decreases
is also observed (2)
3The relaxation of an excited electronic state consists of
radiative and non-radiative processes. The radiative process gives
rise to fluorescence and does not depend on temperature. The non-
radiative processes are coupled with vibrations and depend on
temperature ( .2'3'8)0
At, low temperature such as liquid air temperature, usually
the radiative process is the dominant relaxation process, and at
temperatures higher than room temperature the non-radiative process
is dominant. Hence we expect a relatively larger fluorescence
lifetime Z 0 of the R-level at low temperatures and a shorter 't 0
at high temperatures. The value of CO varies from compound to
compound and whether the compound is hydrated or not (5). The
associated anions also affect the value of L,o. In most compounds,
, falls within the range of 10-3 to 10 4 second.0
Many physicists are interested in the detailed interpretation
of the spectra, which'turns out to be an important way to understand
the ion. Equally important is the study of relaxation of an
excited uranyl ion from which we may gain valuable information
about energy transitions of the.excited ion, thus leading to a
deeper understanding of the ion.
In general, when light of sufficient energy falls on a
luminescence material, electrons of the luminescence material are
excited to higher energy electronic levels. The excited atoms or
ions may relax through intramolecular processes which involve
electronic transitions within the same atom or ion. The excess
energy is dissipated by radiative and non-radiative processes.
4The fluorescence intensity of a single fluorescence level shows a
simple exponential decay with time (6):
eq. (1-1)Ct) 0exp(-t/t) T
where 0 (t) = fluorescence intensity at time t
= fluorescence intensity at t = 00
L 0 =, fluorescence lifetime
If impurites are present in the material, energy transfer
processes may come to play. The excited atoms or ions can act as
energy donors while impurities present in the material that can
receive energy from donors act as energy acceptors. The acceptors
are energy sinks or traps and affect the time change of donor
luminescence intensity. The transfer of energy from donors to
acceptors can be a one-step resonant process and involves multi-
polar coupling or exchange coupling between the donor and acceptor.
The two different coupling schemes mean two different dependence of
the transfer rate on donor-acceptor distance (7) The transfer
rate is an important factor which determines the observed fluorescence
lifetime (9). The transfer can also be a multi-step process, in
which the energy migrates or synonymously diffuses from donors to
donors by resonant transfer until the energy is finally captured
by an acceptor. Both processes require that the emission spectrum
of the donors overlaps with the absorption spectrum of the
5acceptors
When the acceptor concentration is high, by a one-step process
the excited donor transfers its excitation energy to a neighboring
acceptor. When the acceptor concentration is low, by a multi-step
process the excited donor transfers its excitation energy to other
unexcited donors until the energy is captured by an acceptor. This
energy migration process requires that the donor-donor separation
is small, that is, a high concentration of donors. If the transfer
process is'one-step and the coupling between donors and acceptors
is multi-polar, the fluorescence intensity after excitation is
(7)shown to follow the equation . :
where = initial excitation
P.,, = acceptor concentration.
co = critical transfer concentration
3/(4 f R3 )
Z^ = intrinsic fluorescence decay life time.
8 coupling parameter
with R0 = critical transfer distance. defined as the separation,
at which the probability for energy transfer
between a donor acceptor pair is equal to the
intrinsic decay probability k0=0-1
This is not a simple exponential with respect to time. The decay
at small t<< 0is approximately proportional to
(7)
6where
After excitation, the number of donors having unexcited acceptors
within the critical transfer-radius diminishes graduately with time.
As excited acceptors do not function as acceptciis any more,
luminescence then originates more and more from excited donors
which are farther apart from unexcited acceptors. And farther
these donors are the more probable that these donors decay
intrinsically rather than by energy transfer. Hence the overall.
fluorescence intensity decay curve shows a t-power dependence
initially and followed by an exponential decay characterized by
the intrinsic decay rate (10):
(t) OC exp
This approximation is more accurate for weak coupling such as
quadrupole-quadrupole coupling. On the other hand, if the
coupling is exchange coupling, the equation becomes (7).
where
7L' = effective average Bohr radius.
Ro = critical transfer distance
R - donor-acceptor separation
If the probability for resonant energy exchange between donors
is large, the multi-step energy transfer process is enhanced. The
diffusion of energy may be fast or comparable to the intrinsic decay
rate. For a fast diffusion case, the process is described as
exciton migration by Gandrud and Moos (13) As the transfer is
fast, the excitation resides on a large number of donors, of the
order of 145 in rare earth metal ions, during its lifetime. Hence
any variation in transfer time from site to site are averaged out.
As the diffusion is fast,•the transfer tends to be proportional to
concentration, and the rate limiting step is the transfer of energy
from donor to acceptor. The observed luminescence decays in a
simple exponential fashion with time 13,14):(
eq.(1-4)
where
Q _ quenching parameter dependent on the concentration
of donors and acceptors and the critical concentration.
For the case in which diffusion rate of excitation energy is
comparable to the intrinsic decay rate, the diffusion limited case
8as called, the luminescence decay function can be found by
solving (10) :
where V(r-rn) = probability for energy transfer from an excited
donor to the n th acceptor a position rn
D = diffusion constant
And if the acceptor concentration is low, the observed lifetime
at long times after excitation is given by:
ege(1-5)
where Td = decay rate due to diffusion
In short, donors loose their excitation energy either
intrinsically or together with transfer processes. The transfer
processes may involve donor-donor energy transfer before donor-
acceptor transfer occurs.. Various conditions of transfer are
mentioned.
All the cases considered above are substantiated by numerous
experiments. A few of the prominent ones can be found in the
reference list (10,13-19). They are mainly concerned with rare
9earth metals. Comparatively little work was done on the uranyl
ion UO2. It is therefore promising to check the above mechanisms
for the case of the uranyl ion as the donor.
To reduce complications, solid matrices doped with uranyl ions
in various concentrations were used as the sample for this study.
Low concentration of uranyl*ions does not favor any donor-donor
transfer which requires a small donor-donor separation. Purity of
the sample further reduces the probability of aay donor-acceptor
transfer. The solid matrices used were soda-lime glass, lithium
phosphate glass, frozen deuterium oxide and frozen hydrogen oxide
( common ice ). The fluorescence decay rate as a function'of
temperature and the fluorescence spectra of the uranyl ions in these





In spectroscopy, the major sources of information are the
absorption and fluorescence spectra together with the fluorescence
decay rate measurements. Our experiments are mainly concerned
with the fluorescence decay rate as a function of temperature and
fluorescence spectra of uranyl ion in different transparent solid
matrices. The arrangements of the experiments are similiar
throughout the temperature range. However, the sample container
at low temperature was different from t `c one at temperature higher
than room temperature. Each arrangement is described below.
Models, characteristics and specifications of some pieces of
apparatus are given in appendix X. They are arranged according
to the roman numerals which follow the labels in the schematic
diagrams of experimental arrangements. Preparation of individual
type of samples are given in the appropiate chapters.
2.2 Arrangement for fluorescence spectrum measurements
The monochromatic light from an argon laser was directed onto
the sample and the fluorescence radiation from the-sample was
focused onto the slit of the spectrometer. The axis of the
spectrometer was aligned perpendicular to the direction of the
laser light to reduce as much as possible the scattered laser light
from entering the spectrometer. By scanning the angle of the
grating of the spectrometer, wavelength of light reaching the
11
photomultiplier tube at the exit of the spectrometer changes at a
speed of 10 nm/min. The photo-multiplier tube generated signal
according to the intensity of light received, and the signal was
amplified and recorded by a plotter. Thus the fluorescence spectra
were obtained at a speed of 10 nm/min. The arrangement is shown
schematically in fig. (2-1).
2.3 Fluorescence spectrum measurements bj photographic method
This method was used for the comparison of fluorescence spectra
of different samples. The arrangement is essentially the same*as
described previously. In this arrangement, the light leaving the
spectrometer is not detected by a photo-multiplier tube. Instead,
it is recorded by using photographic film. By means of a
Hartmann's diaphragm, spectra of different samples can be recorded
on the same film strip for comparison. With a densitometer, a
spectral distribution curve can be obtained from the film. The
arrangement is shown schematically in fig. (2-2).
2.4 Arrangement for fluorescence decay rate measurements
To measure fluorescence decay rate, light pulses are required.
A chopping system yielded laser pulses of 5 ms duration and 50
pulses per second. Lens A focussed the beam onto the chooper
plane to reduce the rise and fall time of the laser pulse to 10 s.
Lens B focussed the laser beam onto the sample, thus increased the
light intensity falling on the sample. Fluorescence light was
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Fig. (2-3) Arrangement for fluorescence decay rate measurements.
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At the exit of the spectrometer, a photo-multiplier tube detected
the intensity of light at a wavelength interval determined by the
angle of grating and slit width. Electrical signals proportional
to the light intensity were sent to the averager where the signals
were averaged. A schematic diagram of the arrangement is shown
in fig. (2-3).
The averaging process began when the averager was triggered
externally by the triggering system consisting of a photo-multiplier
tube, a pulse shaper and a pulse generator. A thin glass slab
reflects part of the chopped laser beam-onto the trigger photo-
multiplier tube which sent pulses, shaped by the pulse shaper,
to trigger the pulse generator. The pulse generator then generates
synchronizing signals of controlled width and delay to the averager.
The time relationship of the laser pulse, the fluorescence signal
from the photo-multiplier tube, synchronizing pulse and the averaged
part of the signal is shown in fig. (2-4). The synchronizing
signal is in fact a trigger signal with controllable delay for the
averager. The width of the synchronizing pulse is immaterial as
the rising portion of the pulse is used to start the averaging.
The span d of incoming signal being averaged depends on the settings
of the averager which are discrete. The incoming signal to the
averager is divided and stored in 200 channels regardless of the
value of d. Hence the controlled delay L of the synchronizing











Time relationship of the laser pulse, sampleFig. (2-4)
fluorescence, sychronizing pulse and the





Most uranyl compounds show a simple exponential fluorescence
decay. This implies that the decay is either intrinsic or the
uranyl-uranyl energy transfer is fast. Direct transfer of
excitation energy between uranyl ions and acceptors is unlikely
because it yields a non-exponential decay. So an uranyl compound
with simple exponential fluorescence decay offers a good opportunity
for investigating intrinsic fluorescence decay of excited uranyl
ion if we can eliminate any possible intermolecular energy transfer
among the uranyl ions. This can be done by increasing the uranyl-
uranyl separation. In view of this, crystalline uranyl salts
cannot be used for investigation as the lattice spacing in a crystal
is fixed, and we cannot increase the uranyl-uranyl separation.
Amorphous transparent solid matrices that can be doped with uranyl
ion in various concentrations offers a good way to control the
separation of the uranyl ions. As a starting point, we chose
soda-lime glass as the matrix and doped it with hydrated uranyl
hydroxide in various amount. In this way we reduce the probability
of intermolecular energy transfer among the uranyl ions.
When excited, a fluorescing uranyl ion behaves like a 3-level
system as shown in fig. (3-1). In uranyl doped soda-lime glass,
the fluorescent level and the upper level are situated at 19374 cm- 1
and 19738 cm-1 respectively (20)as illustrated in fig. (3-1).

















Fig. (3-1) Fluorescence mechanism of uranyl ion.
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plausible reason is that this level is being rapidly depopulated by
the emission of phonons before appreciable amount of photon is
emmitted as fluorescence. The average symmetric and antisyrnmetric
vibrational energy of the uranyl ion is 760 cm-1 , suggesting that
the effective phonon energy of the system is larger than 364 cm-1
which is the energy difference between the fluorescent and the
upper levels. Consequently, the depopulation of the upper level
to the fluorescent level can be accomplished with the emission of
a single phonon. The period of molecular and latice vibration for
the system is much smaller than one nanosecond. Hence the
fluorescent and the upper levels are always in thermal equilibrium.
At low concentrations of uranyl ions intermolecular transfers among
the uranyl ions are unlikely, and the kinetic equations for the
3-level system in which electrons excited to the fluorescent and
the upper levels can be solved. The'solution of the kinetic energy
yields the fluorescence decay rate as a function of temperature.
Meacurements of fluorescence decay rate at different temperature
serve as an experimental check for the theoretical expression and
provide numerical values of the lifetimes of the fluorescent and
the upper levels.
3.2 Theory
In this section, we will derive the expression for the
fluorescence decay rate of a 3-level system as a function of time.
The fluorescent R-level and the upper S-level are in thermal
equilibrium and intermolecular transfer of energy neglected. With
20
these conditions, the kinetic equations for the system are:
where NV = population of the X level
Kxy(T) = transition rate from the X level to the Y level at
temperature T
subscript G = ground level
subscript R = fluorescent level
subscript S = the upper S-level
Since the R and S-levels are in thermal equilibrium, we have
the following equations:
and
6 = energy difference of S and. R levels
kb = Boltzmann's constant








equation (3-4) follows from Boltzmann distribution. Substitution
of (3-4) into (3-3) yields:
eq• (3-5)
= B
and NS + NR (1+B)NR eq. (3-6)
The fluorescence decay rate is the rate with which the excited
electrons relax. As the R and S-levels are always in thermal
equilibrium via single phonon process, and the fluorescence
originates from the R-level only, we write for the observed
fluorescence decay as:
eq. (3-7)
where N = total number of excited electrons
NR + NS
K(T) = fluorescence decay rate at temperature T and is
defined as the reciprocal of the fluorescence lifetime L(T)
Combining (3-1) and (3-2), and substituting (3-5), (3-6) we have:
22
eq. (3-8)
Comparing (3-7) and (3-8), we have:
eq. (3-9)
This expression can readily be visualized as a weighed average of
the transition rates of the R and S-level with respect to the
ground level G. . The factor B attached to KSG is easily understood
as the Boltzmann ratio of population for the two levels as they are
in thermal equilibrium.
The transition rate KRG and KSG are intrinsic and each consists
of two parts, namely the radiative and non-radiative part:
where AXY=radiative treansition rate from X level to Y level
and is temperature independent.
MCY(T)=non-radiative or multiphonon transition rate from
23
X level to Y level at temperature T
Hence (3-9) can be written as:
eq. (3-10)
are described in the weakThe temperature dependence of HXY (T)
coupling limit by the following equation v:
eq. (3-11)
where
energy difference between the X. ar_d T.level
h') = effective phonon energy in the transition
Equation (3-10) is the fluorescence decay rate expression as a
function of temperature for a 3-level system in which the two upper
levels are in thermal equilibrium.
3.3 Samples
Various percentages by weight of hydrated uranyl hydroxide
were mixed with soda-lime glass powder which consists of 24 % soda
MXY(0)=extrapolated value of MXY(T)at absolute zero
temperature
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7 % lime and 69 % silica. Each sample mixture was placed in a
ceramic refractory crucible and was heated up to 1200°C in a
furnace After remaining at 1200°C for 5 hours, the sample was
allowed to cool slowly in the furnace. Small samples of
approximately 5 mmx 5 mmx 2 mmwere made from the content of the
crucible. The samples used in the following experiments contain
10% 1 %, 0.5 % .,and 0.05 % of hydrated uranyl hydroxide.
The sample holder was simply a copper rod with a groove as
shown in fig. (3-2). The sample was mounted in the groove. The
sample and rod were then placed:. in a dewar for low temperature
measurements. A copper-constantan thermocouple was in contact
with sample to measure the temperature. The sample is at 77 K
when it is in thermal equilibrium with the liquid nitrogen in the
dewar. For the temperature range between 77 K and room temperature,
the sample simply warmed up slowly in the dewar. An insulating
foam rubber lid covering the top of the dewar helps to reduce the
warming rate to about 1 K/min, being slower at higher temperature.
For temperature range above room temperature, the sample was placed
in an oven with two transparent windows at right angles to each
other. The temperature of the oven can be kept constant over the
high temperature range of experiment. Again a copper-constantan
thermocouple in contact with the sample was.used to measure the
temperature.




Fig. (3-2) Sample holder for fluorescence measurements.
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3.4 Experiments and Results
As a first step in spectroscopic work, the fluorescence spectra
of the four samples were taken at 77 K. They turned out to be
similar. The spectrum of the 1 % sample is shown in fig. (3-3).
When the excitation wavelength is 457.9 nm, the spectrum consists
of three broad bands as in fig. (3-3)A. When the excitation
wavelength is 514.5 nm the broad bands are resolved into fine
i
structures as in fig. (3'3) Be The corresponding fluorescence peaks
are listed in appendix I. By comparing fig. (3-3)A and fig. (3-1),
the three fluorescence peaks are associated with the transitions
R )G, R(A,B) and R 2(A,B) where (A,B) stands for the
combination mode of the symmetric and antisymmetric vibration of the
uranyl ion and has an energy equal to h1). The energy value of
Q and h?) are also listed in table (3-1). They are in
agreement with that obtained by Leung and Lam (20)
Fluorescence decay at different wavelength with different
excitation wavelengths of the four samples at 77 K were recorded as
a function of time. The logarithm of fluorescence intensities
ln(I) were plotted against time until the intensities falls below
1/e of its initial value. The 0.05 % sample gives a straight line
meaning that it decays exponentially with single decay rate while
.curves of other samples show small non-linearity at the beginning.
The intrinsic decay rates were obtained by a linear least-square
fit with the small non-linearity deleted and results agreed with
that of the 0.05 % sample within the experimental error of about
5 %. The decay rates of the four samples measured at the same
27







fluorescence wavelength and excited with the same wavelength are
averaged and tabulated in table (3-2).
Since the expression for the fluorescence decay rate is a
function of temperature, decay rates at different temperatures are
required to check the expression experimentally. Fluorescence
decays at 532.5 nm associated with 457.9 nm excitation were recorded
in the temperature range of ?7 K to 400 K. Again the intrinsic
decay rate was obtained by deleting the non-linear part in the
curves of ln(I) plotted against time, and linear least-square fit
method applied to the linear part of the curves. The results are
listed in appendix II. They are also shown on fig..(3-4). With
the values in table (3-1) a least square fit between the measured
fluorescence. decay rate at different temperature and equation (3-10)
gives ARG, MRG, ASGand MSG values listed in table (3-3).
The experimental data and the fitted value are listed in
appendix III. The solid curve in fig. (3-4) represents the fitted
value.
The decay curves obtained can be fitted into equation (1-2).
They are done for the decay curves of the four samples at 300 K.
This intermediate temperature of 300 K was chosen despite the more
intense fluorescence at 77 K for the following reasons. First of
all, at low temperatures the decays approach a simple exponential
form with decrease in uranyl concentration. For the 0.05 % sample
at 77 K, the curve in the ln(I) verses time graph is approximately
a straight line. The non-exponential part is negligibly small,








Fig. (3-4) Fluorescence decay rate of uranyl-doped soda lime glass.
K(1036-1)
30
temperatures, the value of intrinsic decay rate K0 is large and the
time taken for the fluorescence intensity to fall to 1/e of its
initial value is considerably shorter than at 77 K, and the transfer
term in equation (1-2) is appreciably large for the entire decay
curve measured. Hence the measured decay curve has a large non-
exponential portion with only a small tailing portion approximately
exponential. At 300 K, the non-exponential part is large but not
dominating over the entire measured time interval, and has an
approximately exponential part following it. Also the fluorescence
intensity is large enough for accurate measurements. So the
convenient room temperature of 300 K was chosen. The values of
the parameters used for each curve are listed in appendix IV. A
commonvalue of K = 3.7 x 1,03 s- which is obtained from
0
equation (3-10) with the fitted parameters, and s = 8 are used.
The calculated and experimental data values of the four curves aro
listed in appendix V, and are also shown in fig. (3-5).
To explain the absence of observed fluorescence from the:
S-level, a plot against temperature is made of radiation efficiency
of the X-level with respect to the G-level defined as:
eq. (3-12)
Where X stands for R or S







Fluorescence decay of sample at 300 KFig. (3-5a)







Fluorescence decay of sample at 300 KFig. (3-5b)







Fluorescence decay of sample at 300 KFig. (3-5c)






Fluorescence decay of sample at 300 KFig. (3-5d)
containing 10 % uranyl ion.
0
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the total decay rate. To compare the actual fluorescence intensity,
,`SG has an extra factor of exp(- /k b T) as can be seen from
equation (3-10). The total decay rate are due to the sum of
S-level multiplied by an exponential factor of exp(-/kbT) and
R-level, divided by the factor (1+exp(- 6/k b T)). Hence the
relaxation contribution for the R and S-level differ by a factor of
exp(- b /k,T). -Thus
Equation (3-12) for R and S-level with respect to G-level and
equation (3-13) are plotted in fig. (3-6) using the parameter listed
in table (3-1) and table (3-3). Numerical values are listed in
appendix VI. Both 71, SG and RG drop fast at temperature above
200 K while kSGOBSERVED)attains its maximum at about 300 K.
3.5 Discussion
3.5.1 Fluorescence Spectra
The implication of the fine structure when excited by 514.5 nm
as compared to the three broad bands when excited by 457.9 nm is
clear enough. -It is an indication that the fluorescing uranyl ion
in soda-lime glass is a three level system, the upper two levels
being in thermal equilibrium and differ in energy by as shown in
fig. (3-1). The laser line at 457.9 nm is energetic enough to
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Fig. (3-6) Radiation efficiencies of R and S levels.
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relax to R and S-levels with the emission of phonons. As the
R and S-level are in thermal equilibrium. and fluorescence
originates from the R-level only, the three broad fluorescence
bands are identified as the transitions from the R-level to the
vibrational states of the ground level G. Since individual uranyl
ions differ slightly from one another in their energy spectrum,
their fluorescence overlap to form broad bands instead of sharp
lines. When the excitation wavelength is 514.5 nm, it is no
longer energetic enough to excit all uranyl ions to levels higher
than the R and S-level. It only excits uranyl ions that have
their R or S-level at around 514.5 nm, i.e.,19436 cm Thus a
part of the uranyl ions are excited to their R-level (e.g. R1) , apart
excited to their S -level (e.g. S4), and part.remains unexcited if their
fluorescence R-level is higher than 19436 cm-1. This situation
is illustrated in fig. (3-7). Those ions excited to the S4 level
fluoresce when the electron relaxes to the R4 level thus giving a
set of fluorescence peaks that is shifted by S in energy with
respect to the set that originated from the R1 level. A study of
the shift gives the value b . A more exhaustive study and
detailed discussion are given by Leung and Lam (20).
The fluorescence spectra with 514.5 nm excitation are also
strong evidence that there is little or no intermolecular energy
transfer among the uranyl ions. Should there be any intermolecular
energy transfer among the uranyl ions, those ions excited to their
R-levels such as R1 may have a chance to pass its energy to ions










G GG G G
Fig. (3-7) Mechanism of fine structure appearance in




.Similarly, those ions excited to their S-level such as may may also
transfer its energy to ions with levels such as S51 R2, R3, R4 or R5.
As a result, all uranyl ions that have their R--level below 514.5 nm
are excited, either directly or by transfer of energy from other
uranyl ions. The fluorescing ions are no longer two sets only,
one excited to their R-level and one to their S-level, but a
continuum for ions that have their R-level at or below 19436 cm- 1
The resultant spectrum should be a set of broad fluorescence bands,
and there should not be two distinct sets of fluorescence peaks as
observed.
The absence of observed fluorescence from the S-level is
understandable with consideration of their radiative efficiencies
as shown in fig. (3-6). Note that RG is always greater than
300 K, it is still much smaller than RG Besides at that
temperature., the fluorescence intensity is considerably smaller
than at 77 K, and thus the detection of radiative decay from the
S-level is difficult. In fact no such radiative decay has been
reported.
3.5.2 Decay Rate Measurements
The theoretical curve with parameters listed in table (3-1)
and table (3-3) agrees with the experimental data, with ARGagrees
roughly with that of CsUO2 (N0 3 ) 3_(8). Again this is an indication
that there is no intermolecular energy transfer among the uranyl
ions as equation (3-10) is derived on such an assumption.
SG(OBSEveD) Even N SG(OBSERVED) attains its maximum at about
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At room temperature of 290 K, the value of non-radiative decay
rate for S-level is, from equation (3-11):
The decay rate of S-level at 290 K is comparable to the total decay
rate. As discussed in the previous subsection, the observed
radiative efficiency do not allow the S-level to have observable
radiative decay even its radiative decay rate ASG is comparable
to that of the R-level ARG , and a small KSG•
Bonch-Bruevich et al (21) estimated that at room temperature
the total lifetime of the S-level is sR while , which is
the inverse of KSR, is 10us. This gives
= 25000S- l
Note that this value is the difference of two large and comparable
quantity. A slight change in either one quantity gives KSG a value
that differs much from the present value. For example, if tSR
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is estimated to be 9 s instead of 10 Ps, a change of 10 %, would
reduce the value of KSG by a factor of two. So the difference in
KSGvalues between that estimated by Bonch.-Bruevich et al and in our
experiment is probably due to the rough estimation of rCSR`
Table (3-2) provides another evidence that intermolecular
transfer of energy among uranyl ions is absent - the decay rates
for different uranyl sites are different as predicted by the
appearance of fine structure with 514.5 nm as the excitation
wavelength, and they fluoresce independently.
The agreement between experimental decay curves and the fitted
curves of equation (1-2) indicates that there are transfer between
the uranyl ions and traps. The transfer coupling is of dipole-
quadrupole nature as s = 8. Refering to appendix IV, we note that
the value of c/c0 increases with the concentration of uranyl ion
in the sample. When the uranyl ion is heated up to 120000 some
ions may change their oxidation states due to thermal decomposition
to U3+, U4+ or U6+. Hence the concentration of traps as represented
by c/co increases with increasing uranyl ion concentration but no
simple relationship between the two can be deduced as the thermal
treatment for the samples are not identical.
The decay curve at 77 K of 0.005 % sample is approximately a
simple exponential can be realized by the following consideration.
First of all, the value of c/co is small, about half that of the
10 % sample. Secondly, at 77 K, the value of K0 is smaller than
at 300 K. These two factors have a combined effect on the transfer
term
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in equation (1-2), making it.less important in the exponential as
compared to the intrinsic decay term (-K0t). At higher temperature,
which gives a larger K0, the transfer term becomes larger and larger,
and the transfer effect is more and more prominent within the
time interval of fluorescence decay that is being measured.
In summary, excited uranyl ions in lightly doped soda-lime
glass behave as a 3-level system without intermolecular transfer
of energy among the uranyl ions. Yet there are transfers among
the uranyl ions and traps which are probably uranium atoms at other
oxidation states resulted from the thermal decomposition of the
uranyl ion. The coupling of transfer is dipole-quadrupole.
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Table C3-1)
Energy values of A , S , hv and possible value of n for the
uranyl ions doped in soda lime glass.
n(cm-1) (cm-1) hv (cm-1)
19374 26370 760,
Table (3-3)
Values of the parameters ARG, MRG' ASG' ISG for equation (3-10) of
uranyl-doped soda lime glass.
ASG MSG ASG MSG
2000s-1 840s-1 900s-1 1300s-1
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Table (3-2)
Intrinsic fluorescence decay rates at different fluorescence wave-
lengths and excitation wavelengths for uranyl-doped soda lime glass

























The results of previous experiments with soda-lime glass
samples reveal the intrinsic fluorescence decay of excited uranyl
ions. However, in the course of sample preparation, the uranyl
ions are subjected to prolonged heating.. at a temperature of 1200°C.
This may decompose thermally some uranyl ions to uranium ions of
other oxidation states. The uranium ions can act as energy traps
of the uranyl excitation. Hence, traps of this nature present in
the sample cannot be eliminated as such high temperature and long
duration of heating are required to melt the glass and ensure
random distribution of the uranyl ions. The presence of traps
in the samples makes the situation complicated for further
investigation. To continue our investigation. we seek for another
solid matrix which requires no prolonged heating at high temperature
during the preparation of samples. Lithium phosphate glass is
transparent to which uranyl ions can be doped in various
concentration, and only a moderate temperature is required during
preparation for dehydration. Hence lithium phosphate glass appears
to be a good replacement for soda-lime glass. So we continue with
our experiments on the intrinsic fluorescence decay of uranyl ions
with lithium phosphate glass samples which were doped with uranyl
ions in various concentration.
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4.2 Samples
Lithium phosphate glass were prepared by reacting lithium
carbonate with phosphoric acid :
A little excess of phosphoric acid were used to ensure a complete
reaction. The reacted mixture were thermally dehydrated with a
Bunsen flame. When the mixture became a clear viscous liquid and
bubbling stops, the liquid were poured onto a stainless steel
plate forming lithium phosphate glass beads which solidified within
minutes. The glass beads were colorless and transparent. Uranyl
ions were doped to the lithium phosphate glass by mixing various
concentration by weight of hydrated uranyl hydroxide with lithium
carbonate Li2CO3 and these mixture were used in place of pure
lithium carbonate for the preparation of lithium phosphate glass
samples. The lithium phosphate glass samples prepared in this way
are greenish-yellow - a typical color for uranyl compound and the
samples will be called low temperature phosphate glass samples
throughout the rest of the literature.
Unfortunately, the samples prepared in this way are
deliquescent. They absorbed moisture and in a few days time, they
became a greenish-yellow viscous liquid. Besides, the composition
Assay: 99.5 % min., obtained from AJAX Chemicals, Australia.
Assay: 85 % min., obtained from Merck, West Germany.
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of the glass samples varies according to the amount of excess
phosphoric acid added, the duration and temperature of thermal
dehydration. So we prepared another set of six samples under
different conditions. Differences in amount of excess acid,
concentration of uranyl ions doped, temperature and duration of
thermal dehydration were introduced in the samples prepared. A
furnace with temperature control were Used to provide the
required temperature and duration of thermal dehydration. The
samples prepared at a higher dehydration temperature are transparent,
hygroscopic and the color varies from light' to dark green as the
uranyl ion concentration increases. Nevertheless, the moisture
absorption rate is tolerable. The conditions under which the
samples were prepared are summarized in table (4-1). The samples
will be called high temperature phosphate glass samples throughout
the rest of the literature.
4.3 Experiments and Results
It is not easy nor convenient to handle the deliquescent low
temperature phosphate glass samples. So we only measured the
fluorescence decay at 513.5 nm with 457.9 nm excitation of a freshly
prepared sample containing 0.1 % uranyl ion UO++ by weight at four
2
different temperatures. After that the low temperature phosphate
glass samples were discarded altogether. The logarithm of
fluorescence intensity as plotted against time for the four decay
* My sincere thanks to Dr. K.P. Chik and Mr. S.K. Poon for their
permission and assistance in using the furnace.
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curves. They are shown in fig. (1+-1). The numerical values are
listed inappendix VII. We noted that the curves in fig.-(4-1)
are not straight lines and tend to slope faster as temperature
increases.
We then proceeded with the six high temperature phosphate
glass samples. The fluorescence spectra of the samples are all
similar and the spectra for sample B at 77 K are shown in fig. (4-2),
Similar to the soda-lime glass samples, fine structure appears
when the excitation wavelengths are 1+76.5 nm and 488.0 nm. Only
three broad bands are observed with 1+57.9 am excitation. The
fluorescence spectra in fig. (4-2) are displaced vertically for
clarity. The fluorescence peaks are listed in groups according
to the excitation wavelength in appendix VIII. Their energy
equivalent were plotted in fig. (4-3) with the fluorescence energy
as ordinate.
These data can readily be interpreted as arising from the
existence of a 3-level system as in the case of soda-lime glass.
When the excitation is 1+57.9 nm, ions are excited to levels higher
.than the R or S-level. Hence the ions relax to the R-level where
fluorescence begins. The three broad peaks can be identified
as the following transitions: R----G, R----'(A,B), R2(A,B)
in an order of decreasing fluorescence energy. Hence we may obtain
the average energy value of the combination mode of the symmetric
and antisymmetric vibrations. Now consider fig. (4-4). When the
excitation wavelength is 1+76.5 am, i.e.,*20986 cm -1, only ions with
their R or S-level situated at this energy are excited. Those
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Fig. (4-1) Fluorescence decays of low temperature
phosphate glass sample at 85 K,
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Fig. (4-2) Fluorescence spectra of sample B at 77 K induced
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Fig. (4-4) Mechanism of fine structure appearance in
uranyl-doped lithium phosphate glass.
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ions excited to their S-level relax non-radiatively to their
R-level, and fluoresce, while those excited to their R-level relax
directly by fluorescence. Hence two distinct sets of fluorescence
peaks can be observed, with an energy difference equal to the
difference of the R band and S band. The situation is similar for
the 488.0 nm excitation. Fig. (4-3) shows the correlation between
t f he energy of fluorescence bands and the excitation energy
20141 cm-1 to 20986 cm-1. The spectra consist of six bands denoted
by L, M, N, 0, P and Q. The line marked E is drawn by joining the
points where the energy of the fluorescence bands is equal to the
excitation energy. These points correspond to the R---- G
transitions which can not be observed as they overlap with the
excitation energy. The identification of the L, M, N, 0•, P and Q
bands with different transitions among the energy levels are listed
in table (4-2). A wore detail discussion on the method of
identification of the fluorescence bands with different transitions
are given by Leung and Lam (20).
The average energy hi) of the combined symmetric and
antisymmetric mode is given by the spacing of E and M bands. The
value of the energy spacing between the R and S-level, , can be
obtained from the energy difference of E and L bands. The average
values of by obtained are listed in table (4-3).
The fluorescence decay curves for the six high temperature
phosphate glass samples at 513.5 nm with 457.9 nm excitation were
recorded at 295 K and the logarithm o the fluorescence intensity
with time were plotted. Numerical values are listed in appendix IX.
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For the purpose of comparison, they were plotted in pairs except
for fig. (4--7). The fluorescence decays of samples B and C,
samples B and D, samples A, B and E, samples E and F are plotted
in fig. (4-5), fig. (4-6), fig. (4-7), and fig. (4-8) to compare
the effects of uranyl concentration, excess acid added, dehydration
temperature and duration of dehydration of the samples respectively.
In fig. (4-7) the decay for the low temperature phosphate glass
sample at 283 K were also plotted for comparison.
As the low temperature phosphate glass samples are deliquescent
and only samples dehydrated at a higher temperature are managable,
typically around 900°C to yield a hygroscopic sample, and around
1300°C to yield a slightly hygroscopic sample, there is no point
to'continue the experiment with this phosphate glass matrix. So
only a limited number of measurements were taken.
4.4 Discussion
The fluorescence spectra show that uranyl ions in lithium
phosphate glass behave like a 3-level system just as the case of
uranyl ions in soda-lime glass. The energy separation between the
upper levels is 1+30 cm-1, and the average energy of the combination
mode of symmetric and antisymmetric vibration is 860 cm-
Comparison of the parameters of uranyl ions in soda-lime glass and
in lithium phosphate glass is given in table (4-4).
We can see that the parameters have values that are approximately
the same in the two glasses. Hence we expect that decay rate
expression (3-10) should also hold for uranyl ions in the lithium
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Fig. (4-7) Fluorescence decays of samples A, 13 and
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Fig. (4-8) Fluorescence decays of samples E and F
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phosphate glass case. However, the phosphate glass both at high
and low dehydration temperature yield decay curves that are bent
when the logarithm of the fluorescence intensity were plotted
against time. They do not fit into any of the equations (1-2) or
(1-3). Nor do they fit into the case with two intrinsic lifetimes
and without transfer of energy to traps studied by Leung and
Tsang (22). The bending is possibly due to non.-interacting uranyl
ions each fluorescing with a different lifetime. The resultant
fluorescence decay will then due to many lifetimes and each follows
the decay rate expression (3-10). Indeed fig. (4-1) shows that
the curves slopes steeper when the sample is at a higher temperature.
The foregoing reasoning is plausible if we consider the chemical
constituent of lithium phosphate glass. When lithium carbonate
is mixed with phosphoric acid, the following reaction takes place:
When the reacted mixture is heated during dehydration, crystalline
Li2H2P207, (LiP03)XH2O and intermediate amorphous condensed linear
polyphosphate are formed. Equilibrium among the constituents is
difficult to establish (24) although the following transitions
'z5)are pnserved 0
X is an integer.
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Thus a thermally dehydrated sample contains many different lithium
phosphates, some are crystalline and some are linear chains of
polyphosphate of various length. Uranyl ions incorporated into
this phosphate glass matrix have an environment that differs from
ion to ion and hence different decay lifetimes. Since the uranyl
ion concentration is low, uranyl--uranyl transfer of energy is not
likely to happen. For the low temperature phosphate glass sample,
the uranyl ions are subjected to a temperature only as high as
around 300°C. Thermal decomposition of the uranyl ion is unlikely
as the temperature is only within the melting temperature range of
uranyl hydroxide (25) Hence a uranyl ion in low temperature
phosphate glass should show intrinsic fluorescence. Yet it yields
bent curves that are not due to traps nor two intrinsic lifetimes
with no energy transfers to traps as mentioned previously. So it
is reasonable to believe that the uranyl ions in lithium glass
have different environment that forces them to fluoresce independently
with different lifetimes. Thus the resultant decay is the
superposition of many decays with different lifetimes. With this
in mind, the rest of the decay data can be explained.
As individual intrinsic lifetime decreases with temperature,
the resultant decay should be faster at higher temperature, and
fig. (4-1) obtained experimentally from low. temperature phosphate
glass sample illustrates this effect. The decays are faster as
temperature of the sample increases. The difference is not marked,
indicating that the value of K0 does not change much over the
.temperature range of 77 K to 285 K., This is reasonable as the
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value of h P for lithium phosphate glass samples are larger than
that for soda-lime glass samples, equation (3-11) gives a less
sensitive temperature dependence than soda-lime glass samples in
the low temperature range which is only a 20% change for samples
at 77 K and at 285 K. For the high temperature phosphate glass
samples, traps arising from thermal decomposition of uranyl ions
may exist, and they enhance the depopulation of excited uranyl ions
by transferring energy to them. In fig. (4-9) the decay curve for
the low temperature phosphate glass sample at 283 K was plotted
alongside with the decay curves for the high temperature phosphate
glass samples at 295 K. We see that the decay curves for the
samples dehydrated at 600°C and 900°C overlap, within experimental
error of 5 %,with that of the low temperature phosphate glass
sample. The sample dehydrated at 1300°C differs considerably from
the rest. As thermal decomposition of uranyl ion is more favored
at higher temperature and the composition of the samples also
changes with dehydration temperature, the combined effect yields
a much faster fluorescence decay as the dehydration temperature of
the sample is changed from 900°C to 1300°C. To identify whether
this sudden change is due to a sudden change in decomposition rate
of uranyl ion to traps or a drastic change in composition of the
matrix calls for the comparison done in fig.(4-8)
At high temperature, even though the temperature is kept
constant, the phosphates are seldom in equilibrium and condensation
is constantly going on. Hence the duration of dehydration at
constant temperature is an important parameter in determining the
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ratio of constituents present in the sample. The duration of
dehydration affects the fluorescence decay as shown in fig. (4-8).
The decay of sample F is slower than the decay of sample E. This
indicates that the overall environment for the uranyl ion in the
sample is changed with the duration of dehydration. As condensation
is going on during dehydration, a sample will contain more linear
polyphosphates of longer length for extended duration of dehydration.
Sample F is such a sample as compared to sample E. Hence the
slower decay is attributed to the increased ratio of linear
polyphosphates of longer length. The effect of change in amount
of thermally decomposed uranyl ion is negligible or small as
compared to the increased ratio of linear phosphates of longer
length in the sample because traps from thermally decomposed uranyl
ion would fascilitates non-radiative decay and hence a faster
fluorescence decay. Thus the decay is slower with more linear
polyphosphates of longer lengths. The sudden change in fluorescence
decay can now be identified as the change in decomposition rate of
uranyl ion to traps as the dehydration temperature of the sample
is increased from 900°C to 13000C. Possibly a critical temperature
lower than 1300°C exists for the decomposition rate of the uranyl
ion. The critical temperature determines whether the thermal
decomposition of uranyl ion is significant or not, and hence the
amount of traps present in the samples.
Fig. (1+-6) shows that the amount of excess acid added to high
temperature phosphate glass samples has no noticable effect as the
two curves overlap within experimental error. This is clear
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enough as the boiling point of phosphoric acid is only 213°C (25),
and any of the excess acid will evaporate away during dehydration
of sufficiently long duration such as two hours. Fig. (4-5) shows
that a sample with higher uranyl ion concentration has a steeper
decay curve. This illustrates the fact that the concentration of
traps which affects the decay of fluorescence as in equation (1-2)
is proportional to the uranyl ion concentration in the sample.
To summarize, uranyl ion in lithium phosphate glass matrix
behave like a.3-level system but individual uranyl ion has different
environment leading.to a different intrinsic lifetime. Thus the
observed fluorescence decay of such samples are not simple
exponential with respect to time. The amount of traps due to the
thermal decomposition of uranyl ions is-also proportional to the
uranyl ion concentration in the sample as in soda-lime glass matrix
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Table (4-1)
Conditions under which uranyl-doped lithium phosphate glass samples
were prepared.
Concentration Dehydration Duration of
Sample of uranyl ion Acid content temperature dehydration
(%) (K) (hr)
0.5 600A 1.5 2
0.5B 21.5 900
1 _5C 1.0 2900
0.5D 23.0 900
2E 0.5 1.5 1300
0.5 201300F 1.5
The concentration of uranyl ion is the % by weight of hydrated
uranyl hydroxide with respect to lithium carbonate used.
Acid content refers to the ratio of acid added to that just
required for complete reaction with lithium carbonate used.
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Table (4-2)
Transition among the energy levels and the corresponding fluorescence




M R --- 0 (A, B)
N S R --- (A , B )
R 2(A,B)0






Energy values of Q , f5 , kV and possible value of N for uranyl
ions doped in lithium phosphate glass.
(CM-1) (cm`s) Nhv (cm-1)
20380 430 860 24
Table (4-4)
Energy values of and possible value of N for uranyl
ions doped in soda lime glass and in lithium phosphate glass.
Matrix N(cm-1) hv(cm's )(cm-1) I
19374 26370 760Soda lime glass
Lithium phosphate 43020380 860 24glass
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Chapter 5
Hydrogen Oxide (H,,O) and Deuterium Oxide (D„O)
5.1 Introduction
The samples that we have been using are not ideal. Soda-lime
glass has to be prepared at a high temperature which thermally
decomposed the uranyl ions. Lithium phosphate glass can be
prepared at a lower temperature, but the-glass obtained is
deliquescent. The phosphate glass is manageable only when it is
prepared at a higher temperature, typically 900°C, and thermal
decomposition of uranyl ions are enhanced at this temperature.
Furthermore tertiary ligands (the environment) of the uranyl ions
affect the fluorescence decay rate of the ion. The way in which
lithium phosphates affects the fluorescence decay of uranyl ions
cannot be studied precisely as the samples contains many phosphates
in different proportions that are hard to control. This suggested
that we should use matrices that offer single species of tertiary
ligands to the uranyl ion and which can be prepared at a low
temperature. With such matrices, the excited uranyl ions relax
intrinsically, with one type of tertiary ligands around them in
each sample. Hence we may compare the effect of the tertiary
ligands on the fluorescing uranyl ions.
The fluorescence bands of frozen solution of UO2SO4were
found by Gordon to be identical with those of crystals of
UO 2 SO 4 . 3H2 0 obtained by fast crystallization (26) Thus the
energy structure of uranyl ions.in some uranyl salts is not
disturbed when in frozen solution. Hence we chose frozen hydrogen
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oxide (ice formed from distilled water) and frozen deuterium oxide
(ice formed from heavy water) and compare the fluorescence decay
rates when the uranyl ion is in the crystalline salt and in the
frozen solution. The uranyl salt chosen must be soluble in water
and heavy water. And secondly, the energy structure of the uranyl
ion does not change when in the solutions. This is important as
any change observed in the fluorescence decay rate will then not
due to the change of energy structure of the uranyl ions. Besides
the salt should contain no water of crystallization. This makes
the fluorescence decay rate obtained in the crystalline salt free
from the effect of water.
Obviously UO2SO4 . 3H20 is not the choice as the salt contains
water of crystallization although the energy structure of uranyl
ion does not change when the salt is in solution. Of the few
uranyl- salt. without water. of crystallization, th double salt
NaUO2(CH3COO)3 satisfied the criteria that it is soluble both in
water and heavy water and that the energy structure of the uranyl
ion does not change when in solution. The fluorescence decays
of different concentrations of NaUO2(CH3COO)3 solution in water
(H20) and heavy water (D20) at 77 K and crystalline NaUO2(CH3COO)3
at 77 K were compared and discussed.
* Isotopic purity: 99.8 % min, obtained from Mallinckrodt.
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5.2 Theory
When an excited uranyl ion fluoresces, part of its radiation
will be absorbed by other uranyl ions. This process is sometimes
called self-reabsorption. The self-reabsorption process would
cause a delayed re-emission of the absorbed fluorescence radiation.
Hence the fluorescence intensity decays are slower than those
without self-reabsorption. Assuming that the uranyl ions are
randomly distributed in the matrix. We can now treat the problem
of.self-reabsorption as scattering in which the uranyl ions are the
target with self-reabsorption cross section D. Hence the amount of
fluorescencz radiation that is reabsorbed is related to the
concentration C of the uranyl ion and the path length X over which
the fluorescence light has to travel before leaving the sample as
follows:
Inha = I0(1-exp(-CDX)
where Iabs = amount of fluorescence radiation that is reabsorbed
I0= amount of fluorescence radiation emitted without
self-reabsorption
Equation (5-1) holds only for low concentration C when the targets
of uranyl ions are not hiding 1' behind one another. As the
concentration of uranyl ions increases, self-reabsorption approaches
saturation and equation (5-1) no longer holds. Thus the fraction
of fluorescence radiation reabsorbed for dilute samples is
eq. (5-1)
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proportional to the nagative exponential of the concentration of
the uranyl ion if the path length over which the fluorescence
radiation travel in the sample to the detector is kept constant.
The rate equation is obtained by including in the right hand side
of equation (3-7) a self-reabsorption term which is also responsible
for the reduction in fluorescence intensity:
= -K N eq. (5-2)
where K =K(1-E )
= fraction of the total fluorescence radiation which
is reabsorbed and is dependent on the concentration
of the uranyl ion
Note that K' is smaller than K meaning that the fluorescence
lifetime with self-reabsorption is longer than that without self-
reabsorption. Equation (5-2) agrees with that obtained by Barasch
and Dieke (15)0
From equation (5-1) we see that the fraction of the total
fluorescence radiation reabsorbed E is given by:
6 = l- exp(-CDX)
K= K(1- € )Thus
Kexp(-CDX) eq. (5-3)
ln(K )= ln(K) - CDX eq. (5-4)and
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Should the self-reabsorption be unsaturated, equation (5-1) and
hence equation (5-3) holds and the logarithm of the fluorescence
decay rate when plotted against the concentration should be a
straight line with a slope proportional to the product of path
length X and reabsorption cross section D.
5.3 Experiments and Results
Quick frozen samples of different concentration of
NaUO2(CH3coo) 3 solution in H2O and D20 were prepared. The
fluorescence spectra of the crystalline NaUO2(CH3COO)3and the
frozen samp'-fi-es were made by photographic method and were found
to agree with one another to within 7 cm-. The spectra recorded
by the film was shown in fig. (5-1) and fig. (5-2), the latter
being plotted with the help of a densitometer. Fluorescence
decay rates of 496.8 nm fluorescence of each sample was measured at
77 K when the excitation wavelength was 457.9 nm. The results are
tabulated in table (5-1) and table (5-2). The fluorescence decay
rates were plotted against the concentration of uranyl ion by
number with respect to the tertiary ligands and was shown in
fig. (5-3). The result obtained is not linear as would be expected
for unsaturated self-reabsorption.
5.4 Discussion
When in crystalline form, an excited uranyl ion can relax
non-radiatively by means of multiphonon processes. The energy of





517.0 nm 495.1 nm 457.9 nm
(excitation)
A- Crystalline NaUO2 (CH3 COO)3
B- NaUO2 (CH3000) 3 in D20 matrix
C- NaUO2(CH3COO) 3 in H2O matrix
Fig. (5-1) Fluorescence spectra of NaUO2 (CH3 COO)3 at 77 K.
73
















Uranyl ion concentration (%)
Fie.5-3) Fluorescence decay rate for aiiterenz
uranyl ion concentration.
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energies of the uranyl ion and the crystal lattice vibrational
energy. This has been demonstrated sucessfully by Leung et al (27).
When in the frozen solution, the tertiary ligand of the uranyl ion
is either H2O or D20 to which the internal vibrational energy
passes. Hence the H2O or D20 as a tertiary ligand also facilitates
non-radiative relaxation of excited uranyl ions. From the data in
table (5-1) and table (5-2),,we see that the fluorescence decay
rate is in general smaller than that for the crystalline N aUO2(CH3000)3.
Besides, the fluorescence spectra are similar for both crystalline
NaUO2(CH3COO)3 and solution in H2O and D20 meaning that the energy
structure of the uranyl ion is not disturbed at all. Thus the
change in fluorescence decay rate is attributed to the tertiary
ligand H2O or D20 only and not the change in energy structure of
the ion.
It is obvious in fig. (5-3) that the samples with frozen D20
as the matrix has a smaller fluorescence decay rate than the samples
with H2O as the matrix. As deuterium is the stable isotope of
hydrogen, they resembles one another closely with mass differs by
a factor of two. If everything remains the same, and the H2O and
D20 molecules considered as a simple harmonic oscillator about the
oxygen atom in the symmetric mode of vibration, then the vibrational
frequency and whence the phonon energy of the two molecules are
related by :
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where GJ1 = vibration frequency of the hydrogen atom
D = vibration frequency of the deuterium atom
H = mass of a deuterium atom
D = mass of a hydrogen atom
This is a marked difference, and the resultant effective
phonon energies-for the uranyl ion with'these two types of tertiary
ligands should differ, being larger in the case with H20. As
the number n of effective phonons needed for multiphononH D
relaxation in equation (3-11) is smaller for H20, thus impling a
more active non-radiative decay, that is, a faster total
fluorescence decay.
As can be seen from equation (5-3), the fluorescence decay
rate varies exponentially with the concentration of uranyl ion
provided that self-reabsorption does not reach saturation. Hence
if the logarithm of the decay rate is plotted against the -
concentration of uranyl ion should yield a straight line for
unsaturated self-reabsorption. But the result shown in fig. (5-3)
suggested that this is not the case. The decay rates decrease not
exponentially but slower with the increase in-the concentration of UO++
impling self-reabsorption is approaching saturation. This is
plausible with the consideration of sample thickness which is 4 mm.
For the dilutions of samples used, a 4 mmpath length for the photon
constitutes about one million or more possible 1' layers tt of uranyl
ion. Hence the assumption that the targets are not shielding one
another is not valid and thus any increase in concentration of
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uranyl ion would not increase the self-reabsorption accordingly.
Due to the definite size of the laser spot of 0.5 mmdiameter,
it is not possible to reduce the path length to a small value such
that reabsorption is not saturated. The only possible mean is
diluting the sample, and the concentration of 14 000 Li+ : 1 U02+
is the minimum dilution we can attain with sufficiently strong
fluorescence for decay rate measurement. Thus the exponential
dependence of self-reabsorption on the concentration of uranyl ion
cannot be verified in our case. Anyhow, the effect of self- -




Fluorescence decay rates of 496.8 nm fluorescence of frozen solutions












The nercentaJe is by number with respect to the number of H,0
molecules.
Kis-measured with the path length X = 4 mm.
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Table (5-2)
Fluorescence decay rates of 1+96.8 nm fluorescence of frozen solutions
of NaUO2(CH3COO)3 in deuterium oxide (D20) at 77 K induced by 457.9 nm
excitation.
Uranyl ion Fluorescence






The percentage is by number with respect to the number of D,O
molecules.




From the result of the previous experiments, we know that
fluorescing uranyl ions behaves like a 3-level system with the
upper two levels always in thermal equilibrium. The energy
separation of the two upper levels being 370 cm^1 in soda-lime glass
matrix and 460 cm-1 in lithium phosphate glass matrix. The
fluorescence decay rate of the uranyl ions diluted in the soda
lime glass matrix follows the multiphonon relaxation expression (3-10).
Radiative efficiencies for the two upper levels of the uranyl ion
explain why the fluorescence from the upper most level was never
detected since the observed radiative efficiency for the upper
most level is much smaller than the radiative efficiency for the
fluorescent level. Besides, transfer of energy between the uranyl
ions and traps due to the thermal decomposition of the uranyl ions
is observed. The coupling between uranyl ions and traps is dipole-
quadrupole.
The effect of tertiary ligand on the fluorescence decay rate
is studied with frozen D20 and H2O matrices - a faster decay in
frozen H2O matrix than in frozen D20 matrix impling a more active
non-radiative decay in the H2O matrix. The effect of self-
reabsorption of fluorescence radiation are demonstrated. The extend
and hence the reduction of fluorescence decay rate increases but not
exponentially with the concentration of uranyl ions in the samples.
This indicates a saturation of reabsorption for the fluorescence
radiation even for a concentration of 0.05 % when the path length
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for the fluorescence radiation is fixed at 4 mm. The fluorescence
spectra for the crystalline salt NaUO2(CH3COO)3 and frozen solutions
in H2O and D20 agreed within 7 cm-i, indicating that the energy
structure of the uranyl ion is not changed when coupled to certain
tertiary ligands such as H2O and D20.
The solid matrices that we have used are soda-lime glass,
lithium phosphate glass and frozen H2O D20. The former two has
the disadvantage that the samples had to be prepared at a high
temperature, thus introduced traps arising from the thermal
decomposition of uranyl ions. The last type of matrix, frozen
H20 and D20 is in solid only when the temperature is below 0°C for H20
and 3.82°C for D20. No experiments can be performed above their
ice point as. they are now in liquid form. Thus to further the




Fluorescence peaks of uranyl-doped soda lime glass induced by an
argon laser lasing at 1+57.9 nm and 514.5 nm.
Excitation Fluorescence peaks
wavelength (nm)
and energy (cm-1) wavelength'(nm) wavenumber (cm-1)
457.9 nm 19450514.0












Fluorescence decay rates at 532.5 nm of uranyl-doped soda lime glass
induced by 457.9 nm excitation at different temperatures from























Temperature (K) Fluorescence decay rate (s-1)
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Appendix III
Experimental and calculated fluorescence decay rates at 532.5 nm of
uranyl-doped soda lime glass induced by 457.9 nm excitation at
different temperatures from 77 K to 400 K.
Experimental Calculated
fluorescence fluorescence

























Parameters used for fitting fluorescence decay curves of four
samples of uranyl-doped soda lime glass at 295 K into equation (1-2).
Uranyl ion
concentration s ( i - 3 )
sby weight
3700 S-1 80.05 1.43453 0.155
0.50 3700 s-1 8 0.2501.43453
3700 S-1 8 0.4651.00 1.43453
3700 s-l 810.00 0,5901.43453
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Appendix V
Fluorescence intensity at 532.5 nm with respect to time of uranyl-
doped soda lime glass induced by k5?.9 nm excitation and calculated
fluorescence intensity.

























































-1.215 -1.224177 0.297 0.294
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-1.295 -1.282159 0.274 0,277
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Appendix VI
Radiation efficiencies of the R and S levels, and observed
radiation efficiency of the 8 level as a function of temperature.























Fluorescence intensity at 513.5 nm with respect to time of uranyl-
doped lithium phosphate glass prepared at low dehydration temp-
erature induced by 457.9 nm excitation.
























































































































Fluorescence peaks of uranyl-doped lithium phosphate glass induced
by an argon laser lasing at 457.9 nm, 476.5 nm, 488.0 nm, 496.5 nm
and 501.7 nm.
Excitation Fluorescence peaks















Fluorescence intensity at 513.5 nm with respect to time of uranyl-



















































































































( I ) Spex model 1702 Czerny-Turner 0.75 m Scanning Spectrometer
mounted with a grating of 1200 grooves per mmand blazed
at 500 nm.
( II ) Ebert Mount 2 m Spectrometer with a grating of 600 grooves
per mmblazed at 1 Jttm.
(III ) Yokokawa Type 3046 one pen recorder loaded with self-
folding chart.
( IV ) Direct current amplifier of Spex PC-1 Electronic Readout
System.
( V ) Spex 1624 E photomultiplier tube.
( VI.) Datalab DL.102 Signal Averager with 200 channels.
(VII ) Farnell 2 channel PG 5222 Pulse Generator.
(VIII) A suitably baised high performance operational amplifier
uA 741 from Fairchild Semiconductor Co..
( IX ) Radiotron Electron Tube 6655A from RCA.
( X ) Thermolyne Type 1400 furnace. Maximum temperature
attainable is 1200 0C.
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